For a given gene, different mutations influence organismal phenotypes to varying 43 degrees. However, the expressivity of these variants not only depends on the DNA lesion 44 associated with the mutation, but also on factors including the genetic background and 45 rearing environment. The degree to which these factors influence related alleles, genes, or 46 pathways similarly, and whether similar developmental mechanisms underlie variation in the 47 expressivity of a single allele across conditions and variation across alleles is poorly 48 understood. Besides their fundamental biological significance, these questions have 49 important implications for the interpretation of functional genetic analyses, for example, if 50 these factors alter the ordering of allelic series or patterns of complementation. We 51 examined the impact of genetic background and rearing environment for a series of 52 mutations spanning the range of phenotypic effects for both the scalloped and vestigial 53 genes, which influence wing development in Drosophila melanogaster. Genetic background 54 and rearing environment influenced the phenotypic outcome of mutations, including intra-55 genic interactions, particularly for mutations of moderate expressivity. We examined whether 56 cellular correlates (such as cell proliferation during development) of these phenotypic effects 57 matched the observed phenotypic outcome. While cell proliferation decreased with 58 mutations of increasingly severe effects, surprisingly it did not co-vary strongly with the 59 degree of background dependence. We discuss these findings and propose a 60 phenomenological model to aid in understanding the biology of genes, and how this 61 influences our interpretation of allelic effects in genetic analysis. 62 63 Author Summary 64 Different mutations in a gene, or in genes with related functions, can have effects of 65 varying severity. Studying sets of mutations and analyzing how they interact are essential 66 components of a geneticist's toolkit. However, the effects caused by a mutation depend not 67 only on the mutation itself, but on additional genetic variation throughout an organism's 68 genome and on the environment that organism has experienced. Therefore, identifying how 69 the genomic and environmental context alter the expression of mutations is critical for 70 making reliable inferences about how genes function. Yet studies on this context 71 dependence have largely been limited to single mutations in single genes. We examined 72 how the genomic and environmental context influence the expression of multiple mutations 73 in two related genes affecting the fruit fly wing. Our results show that the genetic and 74 3 environmental context generally affect the expression of related mutations in similar ways. 75 However, the interactions between two different mutations in a single gene sometimes 76 depended strongly on context. In addition, cell proliferation in the developing wing and adult 77 wing size were not affected by the genetic and environmental context in similar ways in 78 mutant flies, suggesting that variation in cell growth cannot fully explain how mutations affect 79 wings. Overall, our findings show that context can have a big impact on the interpretation of 80 genetic experiments, including how we draw conclusions about gene function and cause-81 and-effect relationships. 82 83 109 ignores the importance of context dependence, which is relevant when making inferences 110 regarding "higher order" genetic effects. The genetic definition of a gene becomes 111 convoluted if two alleles complement each other only under certain conditions. Likewise, it 112 could be difficult to draw conclusions about the functions of different structural domains in a 113 gene based on a series of alleles with lesions in different locations, if the phenotypic 114 expression of a series of alleles depends on the genetic background or environment.
Introduction

84
In any given genetic pathway, or even in a single gene, different mutations (whether 85 they are natural variants or lab-induced lesions) can have a wide range of phenotypic 86 effects, and these effects are often modulated by the environment and alleles at other genes Yet despite this reasoning, there is definite evidence for genetic background effects 150 along the spectrum of severity of alleles, including many null alleles [24] [25] [26] [27] . At face value, 151 this may suggest that the "intrinisic threshold" model of genetic function may be insufficient 152 to explain genetic background effects. However, this may also reflect that, to our knowledge, 153 no studies have systematically examined an allelic series of mutations that vary along the 154 spectrum of phenotypic effects with respect to genetic background.
155
Here, we describe a comprehensive, systematic analysis of the effects of genetic 156 background and environmental context on the ordering of allelic series and patterns of 157 complementation using the Drosophila melanogaster wing as a model system. We 158 introduced multiple mutations in two genes, scalloped and vestigial, into two commonly used 159 wild-type genetic backgrounds. Because these two genes interact in a common pathway, 160 this experimental design maximizes the chances of uncovering common influences of 161 genetic background and environment; if genetic background effects are uncorrelated across 162 these two genes, they are not likely to be correlated for other genes, either. We examined 163 how the ordering of allelic effects and patterns of complementation are affected by wild-type 164 genetic background and rearing environment. We demonstrate that the observed genetic 165 background effects are not a property just of specific alleles, but extend across multiple 166 alleles and genes. Genetic background and environmental effects were common, and these 167 influences were most prominent for alleles with intermediate phenotypic effects. However, 168 variability across genetic backgrounds for a given genotype was not strongly correlated with 169 variability within genetic backgrounds. While the relative ordering of allelic effects was 170 consistent across wild type backgrounds, patterns of complementation (intragenic 171 interaction) were consistent only in some instances, differing dramatically in others. Variation 172 in cell proliferation in the developing wing imaginal disc was congruent with phenotypic 173 variation in adult wings among different alleles of each gene. Surprisingly, however, these 174 cellular markers did not always reflect adult phenotypic variation across genetic 175 backgrounds. Our results therefore suggest that multiple distinct mechanisms may underlie 176 variation in expressivity among mutant alleles of the same gene and among genetic 177 backgrounds. We discuss these results both within the broadening context of the biology of 178 the gene, and how to exploit such variation to address fundamental questions in genetics.
179
Results
181
Despite widespread background and environmental effects on mutant expressivity, the 182 ordering of allelic effects is consistently maintained-
183
To assess how both wild-type genetic background and rearing environment 184 influenced the expressivity of mutations we used a set of mutations in the scalloped and 185 vestigial genes (Table 1) that had been repeatedly backcrossed into two common wild type 186 strains, Samarkand (SAM) and Oregon-R (ORE) both marked with the eye color marker 187 white (see Materials and Methods) . After introgression the strains were genotyped for ~350 188 anonymous markers throughout the genome including ~100 that distinguished the two wild- 
192
We observed a striking pattern of genetic background effects related to the overall 193 degree of perturbation caused by the mutations. Some weak and all of the moderate 194 hypomorphic (loss of function) alleles showed genetic background dependence for both 195 genes and at both rearing temperatures. However, the strongest hypomorphs for both sd 196 and vg showed little or no evidence for sensitivity to the effects of genetic background 197 ( Figure 1, 2, Supplementary Figure 2 ).
198
Despite the considerable variation in expressivity of the mutations due to genetic 199 background effects, we generally saw consistent ordering of allelic effects. That is, genetic 200 background did not cause substantial changes to the rank ordering of the series of alleles 201 within each gene (Figure 2, Supplementary Figure 2 ). While there was no overall switching 202 of rank order, certain alleles had largely equivalent phenotypic effects in one genetic 203 background but not in the other, e.g., sd 1 , sd ETX4 , and sd E3 . In some cases, this pattern was 204 seen in some environments but not others (e.g., vg 2a33 and vg show similar effects in 205 Oregon-R but not Samarkand at 18°C, but non-overlapping effects in both backgrounds at 206 24°C). These results are inconsistent with a model where the wild type genetic background 207 has a constant influence with respect to mutations in the gene. Instead, some non-linear 208 function of both the degree of perturbation and likely the details of the lesion (regulatory vs. 
210
To test whether these results were generalizable to other genetic backgrounds, we 211 crossed the sd alleles to 16 randomly selected additional wild type strains that are part of this experiment and the more in-depth examination of SAM and ORE. Notably, we did not 214 introgress the mutations; instead, we crossed SAM sd mutant females to wild-type males, to 215 obtain F1 flies hemizygous for the sd mutation and heterozygous for genetic background 216 alleles on chromosomes 2, 3, and 4. Therefore, the effects of autosomal recessive genetic 217 background modifiers, and all X-linked background modifiers, would not be detected, and 218 we measured background dependence only in hemizygous males. Nevertheless, we 219 observed a similar pattern as before (Figures 1 & 2) : while the rank ordering of alleles did 220 not change, some pairs of alleles had similar effects in certain backgrounds and distinct 221 effects in others ( Supplementary Figure 3) . Thus, this result is likely generalizable across 222 wild-type genetic backgrounds, and depends at least in part on background modifiers with 223 additive and/or dominant effects.
225
The influence of background and rearing temperature on patterns of complementation 226 among alleles is complex-
227
To understand gene structure-function relationships, the analysis of patterns of 228 complementation among alleles of a gene is essential. We adopt the definition of 229 complementation used by [29] , in which two mutant alleles complement if, when crossed, 230 they result in phenotypes that quantitatively overlap with wild-type. We investigated how wild 231 type genetic background and rearing temperature influence such patterns (Figures 3 & 4,  
232
and Supplementary Figures 4 & 5) . The effect of crossing direction on phenotypes was 233 small in magnitude ( Supplementary Figures 6 & 7) , so for these analyses we treated 234 reciprocal crosses as equivalent. As we observed with the allelic series, the quantitative 9 phenotypes in sd 1 /sd G0309 trans-heterozygotes. In general, we observed that hetero-allelic 248 combinations that resulted in broadly intermediate phenotypic effects were the most 249 background dependent, while those with relatively weak or severe effects had relatively 250 weak background dependence. Thus these results were generally consistent with the 251 observation for homozygous and hemizygous effects of individual alleles for scalloped and 252 vestigial. Given how generally important the distinction between complementation and non-253 complementation can be, this pattern seems strikingly and potentially important for 254 inferences in genetic analysis.
255
Two particular alleles of vg (vg 1 and vg 83b27 ) have been used extensively to study 256 transvection [30], i.e. pairing-dependent regulation of gene expression as they have 257 mutations in introns 3 and 2 respectively (each providing distinct regulatory sequences).
258
Indeed, among these previous studies there was considerable variation observed in the 259 degree of complementation (compare [3,30] with [13] ). Thus, we decided to also examine vg 260 allelic combinations including vg 1 and vg 83b27 for background dependence. As homozygotes 261 both mutations have among the strongest phenotypic effects for viable vg alleles (Figure 2, 262 Supplementary Figure 2 ), yet in combination they have been shown to complement partially 263 or completely [13, 31] . We observe largely the same pattern as that reported in the literature 
269
One of these alleles (vg 1 ) is known to be temperature sensitive; when flies are reared 270 at "low" temperatures (17-20°C) the expressivity of the mutation is strongest, while rearing at 271 higher temperatures (above 25°C) has been reported to result in phenotypes that overlap 272 with wild type [32] . We examined the phenotypic effects of the two most severe (but 273 homozygous viable) alleles of vg (vg 1 and vg 83b27 ) in both SAM and ORE reared at three 274 temperatures (18.5, 24 and 28°C). As expected wild type flies (both ORE and SAM) reared 275 at higher temperatures were smaller for wing size ( Supplementary Figure 8 show almost completely wild type phenotypes, but only in the SAM background in male flies the phenotypic effects (green circles), while the ORE vg 1 showed only a slight (and non-282 significant) reduction in phenotypic effects (red and blue circles). We also observed weak 283 evidence for temperature sensitivity for the vg 83b27 allele (triangles). This suggests that the 284 previously observed temperature sensitivity is not only a function of the vg 1 allele, but also 285 depends on how the allele interacts with genetic background and sex.
287
Relationship between magnitude of perturbation on wing morphology and background 288 dependence-
289
As we noted above, the alleles of moderate phenotypic effect seemed to show the 290 strongest degree of background dependence when measured as either homozygotes or 291 hemizygotes (for sd males). This suggested a potential relationship between expressivity 292 and sensitivity to conditional effects, or a particular property of the specific alleles. To 293 examine this, we analyzed all of the genetic data (including homozygotes, hemizygotes, and 294 trans-heterozygotes) estimating the variability across wild type genetic background and the 295 average phenotypic effect of the genotype. We observed a pattern resembling an inverted 296 hourglass, where genotypes with weak or severe phenotypic consequences have relatively 297 little background dependence ( Figure 5 ). This includes cases where by themselves the 298 alleles showed no background dependence, but did in combination ( Figure 3C ), as well as 299 the weakened induction of the vg-RNAi (with the NP6333-GAL4) at the lower rearing 300 temperature ( Figure 2 ). This suggests that the pattern is a result of the magnitude of the 301 genotypic effects overall, not a function of specific alleles.
302
Given that we observe variation among genetic backgrounds is greatest for 303 intermediate allelic effects (hemizygous, homozygous or hetero-allelic combinations), we 304 can ask whether this pattern holds with respect to variation within each genotype, i.e.
305
whether phenotypic variability due to micro-environmental variation or developmental noise 306 is also greatest for alleles of intermediate effects. It is well known that variability is higher for This demonstrates a degree of independence between genetic background effects and the 316 intrinsic sensitivity to micro-environmental variation or developmental noise within 317 genotypes.
319
Patterns of cell proliferation are correlated with allelic effects, but do not account for genetic 320 background influences on mutant expressivity-
321
To assess how the background dependence of these allelic effects are reflected in 322 the underlying developmental processes during wing development, we examined both the 323 size and patterns of proliferation and cell death in wing imaginal discs from mature third 324 instar larvae. Previous work has suggested that mutations in these genes mediate the wing 325 phenotype through their effects on cell proliferation [35, 36] . If this is true, we predict that 326 patterns of cell proliferation will vary consistently with severity of both allelic and background 327 effects.
328
We observed that the Oregon-R wild type wing disc pouches are on average 1.25 329 times larger than the corresponding Samarkand wild type (Supplementary Figure 10 ). Yet 
Discussion
340
While both awareness and study of context-dependent allelic effects are becoming 341 increasingly common, most studies have focused on single alleles in a single gene (but see 342 [37, 38] ). Thus it has remained unclear whether such context dependence is a function of the 343 magnitude of allelic effects, the peculiarities of individual alleles, or the robustness of flux 344 through the genetic network (sensu [22, 23] ). It is also unclear how this context dependence 345 influences other alleles in the gene (and other genes) or patterns of interactions among 346 alleles. We performed a thorough analysis of the contributions of wild-type genetic 347 background and rearing environment on multiple alleles for each of two co-functioning 348 genes. We demonstrate that the background dependence extends to multiple alleles that 349 vary in magnitude of effect and with respect to the nature of the lesion generating the mutant 350 phenotype. Similarly, we demonstrate that the background effects extend beyond the single 351 locus, and can influence alleles at multiple genes that function together (sd and vg). We 
359
One of the most striking patterns requiring explanation is the observation that alleles 360 and genotypes of moderate phenotypic effects showed the greatest sensitivity to genetic 361 background . This was true for homozygous and hemizygous genotypes as 362 well as hetero-allelic combinations. If we had included more alleles of intermediate severity,
363
then we would be likely to observe some rank re-ordering of these moderate effect alleles 364 across backgrounds, despite the overall "anchor" effects of weak and severe perturbations.
365
Some researchers may be tempted to interpret these findings to suggest that mutations of 366 large effect (such as nulls) could be studied with little regard to genetic background effects.
367
However, we would caution against this, depending on the underlying biological explanation 368 for this pattern, of which there are several possibilities. It is unlikely a technical issue of 369 measuring variation for small wings, as we could quantify both adult wing and imaginal disc similar results across a larger panel of genetic backgrounds ( Supplementary Figure 3) . One 373 potential source of variation is that introgression is necessarily incomplete (with respect to 374 genomic fragments tightly linked with the focal allele). As such these "ancestral" genomic 375 fragments may also influence the effects with respect to the interaction between the allele 376 and genetic background. However, we think it is unlikely that such effects are having a 377 substantial impact, as the X chromosome does not appear to have any modifiers of the sd E3 378 background effect [17] , and the major region on the second chromosome appears to be 379 independent of vg [17, 39] .
380
Instead, we favor biological explanations for the "inverted hourglass pattern" that we 381 observed. Such "variational properties" may be intrinsic, resulting from the underlying 382 relationship between the amount of particular developmental signals and the multiple 383 thresholds influencing cell determination and growth, as has been observed in C. elegans 384 vulval induction [22, 40] and variation under perturbation for otherwise invariant bristles in 385 Drosophila [33] . This is analogous to the flux model for the biochemical basis of dominance
386
[23] where there is an underlying threshold for the genetic effect on the phenotype. When 387 gene activity or flux through the pathway is above this threshold (i.e. with very weak 388 mutations) there would be little change in mean phenotype and little context dependence.
389
While severe mutant alleles cause a substantial change in trait mean, they should also 390 create little opportunity for context dependence, as these cause a reduction in gene function 391 or flux to a level sufficiently below the threshold. Thus, allelic or genotypic effects that are of 392 moderate severity near a threshold are mostly likely to be sensitive to context-dependent 393 effects like genetic background. Thus this observed pattern, in which the effects of moderate 394 mutations are more sensitive to genetic background, may be an inherent property of the 395 developmental networks underlying these traits [22, 33] .
396
However, there are several observations in both the literature and in the current 397 study that do not fit this interpretation. For instance, previous studies have demonstrated 398 background dependence using null alleles [24] , particularly in mice (e.g., [25] [26] [27] ), though 399 some caution must be used in interpreting "null" effects, as many mammalian genes have 400 paralogs with partial functional redundancy. Additionally, the relationship between sensitivity 401 to genetic background effects and intrinsic variability within a genotype is not strong [41, 42] .
402
Indeed in the current study, those alleles with the greatest degree of among-individual, 403 within-genotype variation have the most severe effects on the phenotypic mean Alternatively, we speculate there could be an adaptive explanation. Assuming the 407 distribution of mutational effects shows a decrease in frequency with increasing severity, 408 populations will be exposed to weakly deleterious alleles relatively frequently, which could 409 drive the evolution of genetic systems that are robust against weak perturbations. Thus we 410 predict most genetic backgrounds in a population should be able to minimize the phenotypic 411 expression of weakly deleterious mutations. Strongly deleterious mutations occur rarely, and 412 are likely to be purged by selection even when they do occur, so selection for compensatory 413 buffering mechanisms against strong alleles may be ineffective [43] . Therefore, we predict 414 large-effect alleles to have similarly strong effects in most genetic backgrounds in a 415 population. Moderately deleterious alleles, on the other hand, are expected to occur less 416 commonly, so modifier variants that buffer or compensate against these alleles may be more 417 commonly segregating in populations. In other words, some genetic backgrounds in a 418 population will be more buffered than others, so the expression of these moderate-effect 419 alleles may be more dependent on genetic background. However, this speculative model 420 remains to be formally tested.
422
Genetic and environmental context influence patterns of allelic interactions-
423
Collections of alleles are commonly used in experiments designed to dissect gene 424 functions at a fine scale. For instance, using a set of alleles with lesions in different regions 425 allows geneticists to assign functions to specific structural domains or regulatory regions by 426 examining the effects of those mutations on organismal phenotypes (e.g., [44, 45] ). Our 427 results suggest that in some cases, repeating such experiments in novel contexts would not 428 necessarily alter overall conclusions, as we did not see any major re-ordering of alleles 429 based upon phenotypic effects. Nevertheless, there were some intriguing differences. For 430 example, some alleles had essentially equivalent effects in one genetic background, but 431 showed differences in the other, and in some cases this difference also depended (albeit 432 weakly) on the rearing temperature ( Figure 2 ). This is interesting given that several vg 433 alleles (including vg 1 ) are known to show patterns of temperature sensitivity [32] . While vg 1 434 did not show changes in expressivity or background sensitivity at rearing temperatures of 435 18°C or 24°C, we did observe almost wild type-like phenotypes in the SAM vg 1 males reared 436 at 28°C, with much weaker phenotypic suppression for females ( Figure 2 , Supplementary 437 Figure 8 ). This suggests that the temperature sensitivity is not a function of just the allele, flies when reared at lower temperatures ( Figure 2 ). This allele shows context-dependent 441 phenotypic effects for wing morphology based upon its P-element cytotype [4, 46] .
442
While we observed concordance between the effects of vg and sd across 443 backgrounds, this may not be the norm even for functionally related genes. There is little 444 evidence of correlation across backgrounds for mutational effects of genes involved in the 445 PAR network for lethality associated with early embryogenesis in C. elegans [47] ; that is, the 446 genetic background modifiers had gene-specific effects, rather than acting similarly on 447 interacting genes. Likewise, the influences of genetic background were incongruent on the 448 phenotypic expression of sevenless and Egfr mutants in Drosophila melanogaster [48] , even 449 though these two genes act in related signaling pathways involved in eye development.
450
However, mutations influencing vulval cell induction in C. elegans do appear to show 451 moderate concordance across wild type genetic backgrounds [49] . We can think of at least 452 two (non-mutually exclusive explanations) for these contradictory observations. First, as 453 observed in this current study, alleles of different magnitudes can vary in degree of 454 background dependence despite overall concordance between the allelic series in vg and 455 sd. If previous studies used alleles of large phenotypic effect for some genes, and small-456 effect for others, then differences in the degree of perturbation may explain the incongruent 457 effects of genetic background, in particular given that perturbation in each gene was 458 evaluated with only one allele or "dose" (for RNAi knockdown). An alternative explanation 459 may be due to subtle aspects of pleiotropy and developmental "degrees of freedom". In 460 other words, when testing whether the influences of genetic background on expressivity are 461 congruent for different genes, it is important to be sure that the same trait is measured. 
469
As with patterns in the allelic series, while the results of complementation were 470 comparable across contexts in some cases, there were several instances where they in Oregon-R than in Samarkand-this pattern does not seem to extend to patterns of 475 complementation. Instead, where complementation depends on the genetic background, the 476 outcome seems to involve a complex interaction between the background and the two 477 alleles in question. For instance, sd E3 and sd ETX4 complemented only in Samarkand, and not 478 in Oregon-R. Complementation was observed between vg 83b27 and most other vg alleles, but 479 not between other pairs of vg alleles (similar to [31] ), suggesting that transvection is a 480 unique property of this allele or the location of this lesion (vg 83b27 is the only mutation located 481 in intron 2; Table 1 ). However, we did not observe strong evidence of differences across 482 wild type genetic backgrounds for these allelic combinations, as observed at the Men locus
483
[54], although this is likely due to the almost complete complementation observed in 484 combination with vg 83b27 (Figure 4 ). These results have important implications for interpreting 485 genetic analyses, especially if we rely on complementation tests to determine genetic 486 identity, and an important challenge is to determine what causes these differences in 487 complementation. It is important to note that we used a standard definition of 488 complementation (i.e. where the hetero-allelic combination quantitatively overlaps with wild 489 type sensu [29] ). Arguably complementation could also be defined as any phenotype for the 490 trans-heterozygotes that is quantitatively more like wild type than the homozygotes (i.e. proliferation accounts for only part of the effects observed for adult wing morphology. This is 513 reminiscent of earlier work with mutations in the mushroom body miniature gene, which 514 showed that a mutation's effects on the size of the mushroom bodies (part of the insect 515 brain) and its effects on learning were in fact separable across two different wild type 516 genetic backgrounds [56] . Indeed, studies of mutational effects across wild-type genetic 517 backgrounds may be a useful tool to distinguish true causality from so-called epistatic 518 pleiotropy [57].
520
A plea for maintaining "legacy genetics toolkits"-
521
With the advent of tools using RNAi, over-expression, full gene knockouts, targeted 522 deletions and direct allelic replacements, the experimental capabilities of most geneticists 523 have substantially expanded in recent years. In comparison the "legacy" mutational toolkits 524 that were available for the first 80+ years of genetics research analysis were generated in a 525 less standardized fashion, with uncertainty remaining for many alleles with respect to many 526 aspects of function. Given the costs associated with maintaining such collections it may 527 seem like allelic variants (such as those used in the current study) may not be important to 528 maintain. Nevertheless, if the newer toolkits are used at the exclusion of "legacy" mutations, 529 the new tools may ironically lead to a decrease in the diversity of genetic research. Without 530 many of the baroque facets of mutational approaches that have been employed in the past, 531 it is possible that phenomena like transvection and position effect variegation may have 532 never been discovered. These in turn have had a profound influence on our understanding 533 of gene regulation.
534
Material and Methods
535
Fly strains and Introgression of alleles-
536
The two wild-type strains used for this study were Oregon-R (ORE), and Samarkand 537 (SAM), both marked with a white (w) allele and are maintained as inbred lines, and are 538 regularly genotyped to avoid any contamination, and maintain homozygosity [17, 19, 58] . The 539 origin of mutant alleles used in this study can be found in Table 1 . Introgression of the several instances, balancer chromosomes (that had been previously introgressed into each 542 wild-type background) were used to transfer entire chromosomes, followed by backcrossing 543 to complete introgression. After completion of introgression all strains were genotyped for 544 ~400 markers, of which ~100 explicitly distinguish the two wild-type strains used in this study 545 ( Supplementary Table 1, Supplementary Figure 1) . While most alleles showed upwards of 546 90% introgression, some alleles still showed some degree of the ancestral background.
547
Thus, we recognize that in additional to the focal alleles, there are some small genomic 548 regions from the ancestral backgrounds that will contribute to the observed effects. We 
552
While almost all alleles used in this study represent "classic" alleles (in that the effect 553 is a result of mutation at the native locus), for vg we were concerned about having 
570
After maintaining the fly strains in these conditions for at least 2 generations, virgin females 571 and males were collected and housed separately in vials with 40 individuals/ sex/ genotype/ 572 background at 24°C and 18°C respectively. For every strain, this collection was performed 573 for a total period of 4 days upon eclosion, under CO 2 anesthesia and the flies were CO 2 . Following this, all the flies in a given treatment were randomized (within genotype) and 576 40 pairs were then allowed to lay eggs on 35mm x 10mm cell culture plates with grape juice 577 agar (2% agar in 50% grape juice:water) for 15-22 hours. For generating the allelic series 578 data, 40 pairs of flies per allele were crossed among themselves and to generate the 579 intragenic complementation data, 40 pairs of chosen genotypes were crossed to each other.
580
Eggs collection was performed from multiple such plates per treatment and 4 replicates 581 were created with each replicate having 40 eggs in a vial with ~10-12ml fly food/ cross/ 582 background at both 24°C and 18°C respectively. These eggs were allowed to develop at the 583 respective temperatures, and upon eclosion the adults were stored in 70% ethanol for 584 further analyses. However, we have no data for some specific genotypes, as they were 585 lethal in one or more combinations of background and rearing temperature. All of these 586 experimental crosses were performed simultaneously using a single batch of media. While 587 for the vast majority of experimental crosses our design provided sufficient samples (i.e. at 588 least 10 individuals per genotype/replicate vial), several alleles showed partial lethality, and 589 thus for some alleles and allelic combinations we were only able to collect a small number 590 (~3-5) of individuals. For experimental crosses that did fail to yield F1 progeny during the 591 primary experiment, an additional block of crosses (Block 3) was setup. As controls for block 592 level effects, wild type and a few (randomly chosen) mutant crosses that were successful in 593 the initial experiment were also setup in this block. For this additional setup, wild type and 594 relevant mutant flies in both backgrounds were grown, and virgin females and males were 595 subsequently collected as described above. Four replicate vials, each containing six virgin 596 females and four males of the appropriate genotypes were created. The flies were allowed 597 to mate and lay eggs for 3-4 days following which the adults were discarded and the vials 598 were allowed to develop and were further processed as described above.
599
For crosses of the DGRP strains to the sd mutations introgressed into Samarkand 600 (and the corresponding Samarkand control) we crossed females bearing the sd alleles to 601 males of each of the 16 DGRP lines and reared these in the incubator described above at 602 24°C. When the F1 progeny emerged the male F1 sd hemizygotes (sd is X-linked) were 603 stored in 70% ethanol for phenotyping.
604
To further investigate the joint effects of rearing temperature and genetic background 605 on the phenotypic expressivity of the vg 1 and vg 83b27 alleles we reared the strains bearing 610 Wing Imaging and quantification-611 A single wing was dissected from at least 5 individuals/sex/genotype for 2 replicates 612 and mounted in 70% glycerol for a total of at least 10 observations/ genotype. Images of the 613 wings were captured using an Olympus DP30BW camera mounted on an Olympus BW51 614 microscope using DP controller image capture software (v3.1.1). The wing area was then 615 obtained using a custom macro in ImageJ software (v1.43u). Measures of wing area can be 616 confounded by variation for body size. Furthermore, some mutations have subtle effects 617 only causing bristle loss at the wing margin, but with no influence on wing size. Both of 618 these issues are of particular concern for weak hypomorphic alleles (Figure 1) . Therefore, in 619 addition to using wing area, we also utilized an ordinal scale to measure severity of the 620 phenotypic effect (on a scale of 1-10). This approach [19, 59] has been used successfully 621 and correlates well with wing area.
622
For the crosses to the DGRP lineages, wings were imaged using a Leica M125
623
Microscope (50X total magnification) and captured with a Leica DFC400 Camera. For the 624 additional crosses of the vg 1 and vg 83b27 alleles the images were captured on an Olympus 625 microscope with an Olympus DP80 digital camera (40X total magnification).
626
For all estimates we generated genotypic means and 95% confidence intervals. To 627 examine the amount of variation within genotypes, we used two forms of Levene's Statistic, 628 using the genotypic medians, and then use the absolute value of the differences (or log 629 transformed values of these values). See [34] for further discussion on these methods. We 630 did not rescale the among background effects for the primary experiment (i.e. using CV) 631 given some of the known assumptions that are violated (i.e. potential lack of a linear 632 relationship between standard deviation and the mean under perturbation for a trait). See 633 [22, 60] for more details. In particular for the main experiments, because we had only two 634 genetic backgrounds, estimates of the among background variances would be poor.
635
However, for the subsequent follow up experiment with the 16 DGRP strains we did 636 estimate the between-background variability using Levene's statistic as described above.
638
Immuno-histochemistry of wing imaginal discs-639 10-15 larval heads with the wing imaginal attached were dissected from wandering consisting of 1x PBS and 0.1% Tritonx100 at room temperature. After washing, the tissues 644 were treated with a PBTBS blocking solution consisting of PBT, 0.1% Bovine serum albumin 645 and 2% Goat serum for 2-3 hours at 4°C. This was then followed by overnight (minimum of 4 646 hours) incubation with the primary antibody at 4°C on a shaker followed by washing as 647 above. This was followed by blocking (2 hours), overnight (minimum of 4 hours) incubation 648 with secondary antibody (at 4°C) and washing as above. Post-washing, the tissues were 649 incubated with Hoechst stain (Sigma) at 1:15000 dilution (blue color), for ~1 hour, the discs 650 separated and mounted on a slide. Images were captured using Olympus DP30BW camera 651 mounted on an Olympus BW51 microscope using the DP controller image capture software 652 (v3.1.1). The images were merged using the ImageJ software (v1.43u). The primary 653 antibodies used were mouse anti-WG (4D4, 1:500 dilution) or anti-ct (2B10, 1:100) from the 654 Developmental Studies Hybridoma Bank used in conjunction with rabbit phospho-histone H3
655
(1:500, Cell Signalling Technology). Secondary antibodies were anti-mouse FITC (1:1000) 656 and anti-rabbit DyLight 594 (1:500). At least 10 wing discs were imaged for each genotype x 657 background combination (1 image per channel) on the same microscope described above.
658
We then applied custom ImageJ macros to the image stacks to estimate the area of the wing 
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